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Cx43 phosphorylation-mediated effects on ERK and Akt
protect against ischemia reperfusion injury and alter the
stability of the stress-inducible protein NDRGT1
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Gap junctions contain intercellular channels that enable
intercellular communication of small molecules while also serv-
ing as a signaling scaffold. Connexins, the proteins that form gap
junctions in vertebrates, are highly regulated and typically have
short (<2 h) half-lives. Connexin43 (Cx43), the predominate
connexin in the myocardium and epithelial tissues, is phosphor-
ylated on more than a dozen serine residues and interacts with a
variety of protein kinases. These interactions regulate Cx43 and
gap junction formation and stability. Casein kinase 1 (CK1)-
mediated phosphorylation of Cx43 promotes gap junction
assembly. Using murine knock-in technology and quantitative
PCR, immunoblotting, and immunoprecipitation assays, we
show here that mutation of the CK1 phosphorylation sites in
Cx43 reduces the levels of total Cx43 in the myocardium and
increases Cx43 phosphorylation on sites phosphorylated by
extracellular signal-regulated kinase (ERK). In aged myocar-
dium, we found that, compared with WT Cx43, mutant Cx43
expression increases ERK activation, phosphorylation of Akt
substrates, and protection from ischemia-induced injury. Our
findings also uncovered that Cx43 interacts with the hypoxia-
inducible protein N-Myc downstream-regulated gene 1 protein
(NDRG1) and that Cx43 phosphorylation status controls this
interaction and dramatically affects NDRG1 stability. We pro-
pose that, in addition to altering gap junction stability, Cx43
phosphorylation directly and dynamically regulates cellular sig-
naling through ERK and Akt in response to ischemic injury. We
conclude that gap junction—dependent NDRG1 regulation
might explain some cellular responses to hypoxia.

Gap junctions are specialized membrane domains that con-
tain channels that allow exchange of small molecules (<1000
Da), including ions, metabolites, and second messengers (e.g.
Ca®" and inositol 1,4,5-trisphosphate) between neighboring
cells (1-3). Connexins, like other junctional proteins, also play
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critical signaling and scaffolding roles that can be fully or par-
tially independent of channel function. Cx43, expressed in over
34 tissues and 46 cell types (4), is phosphorylated at multiple
(>12) serine residues found in the cytoplasmic C-terminal
region (5-10). Cx43 phosphorylation regulates Cx43 traffick-
ing, localization, and gap junction function (11, 12). Cx43 phos-
phorylation by casein kinase 1 (CK1) at serines 325, 328, and/or
330 increases the efficiency of gap junction assembly, whereas
mutation at these residues causes cell- cell coupling to develop
more slowly and with a severely decreased frequency of fully
opened channels (13, 14). In contrast, Cx43 phosphorylation by
extracellular signal-regulated kinase (ERK),® protein kinase C
(PKCQ) is typically increased during gap junction remodeling
and disassembly (15-18). Phosphorylation by Akt is dynami-
cally regulated and can increase gap junction size (17). ERK,
Akt, and PKC are well known to modulate cell survival, partic-
ularly in the myocardium, where they can regulate propagation
and protect from ischemia reperfusion injury (IRI) (19-21).
Gap junction remodeling and phosphorylation of Cx43 by PKC
and Akt occur in response to short-term ischemia in the myo-
cardium (17, 22), and phosphorylation on Ser-262, a potential
ERK site (12), has been suggested to promote cell survival and
protection of the myocardium from IRI (23, 24). Myocardial
preconditioning, where short bouts of ischemia result in pro-
tection from IR also results in altered gap junction remodeling
and phosphorylation of Cx43 by these very same kinases (17, 24,
25). Thus, interaction between Cx43 and these kinases may play
an important role in cellular responses to injury.

Previous studies have shown that mutation of the Cx43 sites
phosphorylated by CK1 to alanine in a knock-in mouse model
(hereafter called Cx43<*") results in animals that develop nor-
mally but have diminished expression of Cx43 in many tissues,
including the heart (13, 26-28). It has also been shown that
these animals are sensitive to induced arrhythmia (27). We
were interested in understanding the mechanism driving
diminished Cx43 protein levels in tissue, and given the overlap-
ping abilities of Cx43 and CK1, ERK, and Akt to affect cellular
and tissue function, we hypothesized that modulation of spe-

3 The abbreviations used are: ERK, extracellular signal-related kinase; PKC,
protein kinase C; IRI, ischemia reperfusion injury; RISK, reperfusion injury
salvage kinase; TTC, triphenyl tetrazolium chloride; a.u., arbitrary units;
MDCK, Madin-Darby canine kidney; PAS, phospho-Akt substrate; GSK, gly-
cogen synthase kinase; cDNA, complementary DNA; RbAb, rabbit anti-
body; SGK, serum-and glucocorticoid-induced kinase.
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cific phosphorylation sites on Cx43 could alter the ability of
cardiac tissue to respond to damage.

In this study, we examined the effect of the mutation of the
CK1 sites in Cx43 and discovered an interplay between phos-
phorylation of Cx43 by CK1, ERK, and Akt that affected ERK
kinase activity and the ability of Akt to phosphorylate the
hypoxia-responsive protein NDRG1. We found that mutation
of the CK1 sites resulted in increased ERK activation and that
these sites were involved in ERK binding to Cx43, indicating a
direct role of Cx43 in ERK regulation. In addition, we found
altered phosphorylation of Akt substrates in Cx43<*! mice and
cells, including a dramatic difference in the level of Akt phos-
phorylation on the protein NDRG1. Myocardial protection
from IRI via the reperfusion injury salvage kinase (RISK) path-
way has been shown to involve both ERK and Akt (19). Indeed,
we found that hearts from old Cx43“*! mice were resistant to
IRIL. These findings indicate that Cx43-mediated effects on cell
behavior are not merely downstream effects of kinase activation
but, rather, may exert control over the kinases themselves.

Results

Cx43°“" mice are protected from IRl despite decreased Cx43
expression

Myocardium from aged WT mice show both diminished
Cx43 expression (29) and increased susceptibility to myocardial
infarction compared with young mice (30, 31). Similarly, hearts
from knock-in mice containing Cx43 with mutations at CK1
phosphorylation sites (Cx43“*") contain less total Cx43 protein
than those from WT syngeneic mice and show increased sus-
ceptibility to arrhythmia (27). We were interested in how the
aging and Cx43“*! phenotypes would interact in terms of both
protein expression and susceptibility to myocardial infarction.
We compared the extent of myocardial infarction in response
to IRI in hearts from young (3—6 months old) and old (>12
months old; average, 16 months) mice expressing Cx43“*!
compared with syngeneic WT mice. We isolated the hearts ona
Langendorff apparatus and subjected them to 30 min of no-
flow normothermic global ischemia, followed by 2 h of reper-
fusion. Hearts were treated with triphenyl tetrazolium chloride
(TTC) to stain live tissue red; dead tissue appears white. Images
of stained heart slices were analyzed by thresholding on the
TTC signal and measuring the area of living tissue (positively
stained with the red TTC dye in Fig. 14). We found that the
protocol caused partial ischemic damage but no difference in
the area of living tissue between young WT and Cx43“*" ani-
mals (Fig. 1B, 45.9% versus 44.4% TTC-positive). However,
hearts from old WT animals were much more prone to ische-
mic damage, with a significant decrease in living tissue (Fig. 1B;
reduced to 17.9%, p = 0.009 for young versus old). Remarkably,
older Cx43“*! animals were relatively protected, showing lev-
els similar to the young animals (40.5% TTC-positive).

To determine whether Cx43 expression levels were playing a
role in this effect, we examined how levels changed in response
to both genotype and age. Immunoblotting was performed to
measure Cx43 expression in heart tissue (Fig. 1C) from mice
3—6 months old (young) and over 18 months in age (old). We
found that these two phenotypes were additive; in both young
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Figure 1. Aged Cx43°K" mice are protected from IRI despite diminished
Cx43 expression. A and B, representative image of hearts from young and
old WT or Cx43°K" (CK7) mice that were exposed to IR|, sliced and stained with
TTC to identify live tissue (A, red). Images were thresholded to identify and
measure live tissue and are quantified in B as a percentage of live tissue to
total area. At least four slices from each heart and at least six hearts from each
age and genotype were analyzed. C, immunoblots showing levels of total
Cx43 and vinculin (Vinc) in lysates from hearts of WT and Cx43“¢! mutant mice
(CK1). Lysates from two different young (Y7 and Y2) and old (O7 and 02)
animals are shown. Bottom panel, immunoblot probed for Cx43 phosphory-
lation on Ser-325/328/330 using a phospho-specific antibody. D, quantifica-
tion of Cx43 levels normalized to vinculin. At least 4 hearts of each type were
analyzed and are presented as mean = S.E. Significance was determined by
two-tailed unpaired t tests. *, p < 0.05; **, p < 0.01; ***, p < 0.001. Scale bar =
T mm.

and old mice, Cx43 levels in Cx43“*" mice were about half that
of WT mice (p = 0.022 and 0.012, respectively), and both gen-
otypes showed a similar decrease in Cx43 expression with age
(WT: 2.07 + 0.38 versus 1.00 = 0.19 a.u., p = 0.016; Cx43°L:;
1.05 £ 0.19 versus 0.42 = 0.06 a.u., p = 0.042) (Fig. 1D). Because
we observed the same relative decrease in protein levels in
response to age, this difference in protein levels appears to be at
least partially independent of Ser-325/328/330 phosphoryla-
tion. Indeed, relative levels of Ser-325/328/330 phosphoryla-
tion were not significantly affected by age (1.15 = 0.20 versus
1.47 = 0.56 a.u., p = 0.20) (Fig. 14).

To determine whether these differences were due to effects
on transcription, we performed quantitative PCR for Cx43.
Equal amounts of total RNA were analyzed. We found that WT
animals had similar Cx43 mRNA levels regardless of age
(young, 1.01 = 0.08 a.u.; old, 0.92 = 0.15 a.u.). We did find that
young Cx43“*! animals trended toward having less mRNA for
Cx43 compared with young WT animals (0.87 = 0.08 a.u., p =
0.11) and with Cx43<*! old animals (1.01 * 0.06 a.u., p = 0.08).
However, it seems unlikely that this difference would be suffi-
cient to explain the nearly 50% difference in protein levels in
young animals, and in the case of young versus old Cx43“*!
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Figure 2. Phosphorylation of Cx43 and ERK are altered in Cx43°X" mouse
hearts. A, immunoblots showing levels of total Cx43 (Cx43NTT1) and Cx43
phosphorylated on Ser-262 and Ser-279/282 in lysates from hearts of WT and
Cx43%€" (CKT) mutant mice. Lysate volumes in these blots were adjusted to
show equal levels of Cx43 to highlight changes in phosphorylation. 64-, 50-,
and 36-kDa molecular mass markers are indicated. Y, young; O, old. B, immu-
noblots showing levels of vinculin (V), ERK, and pERK in mouse heart lysates.
36- and 64-kDa molecular mass markers are indicated. C, quantification of
phospho-forms normalized to total levels of Cx43 or ERK. At least four hearts
of each type were analyzed and are presented as mean * S.E. Significance
was determined by two-tailed unpaired t tests. *, p < 0.05; **, p < 0.01; **¥,
p < 0.001.

Total ERK

animals, mRNA level differences are actually in the opposite
direction compared with protein levels. Thus, the effects
observed appear to be posttranscriptional. Phosphorylation of
Cx43 is critical to both gap junction function and protein sta-
bility; thus, we hypothesized that kinase interactions might be
altered in response to age and genotype.

Cx43 phosphorylation by ERK is increased in Cx43K’
myocardium

Consistent with data reported previously (26, 27), we found
that lack of Ser-325/328/330 in Cx43“*! mice did not modify
the distribution of cardiac Cx43 by immunohistochemistry
(data not shown). In all genotypes and ages, Cx43 was seen
predominantly at the intercalated disc, arguing that these
mutations did not dramatically alter the ability of Cx43 to traffic
and assemble into gap junctions. This supports the idea that
altered signaling may be driving the protection from IRI we
observed. Indeed, Cx43 is directly phosphorylated by some of
the most critical kinases involved in both cardiac damage and
protection from IRI, including ERK, Akt, and PKC (19-21).
Immunoblotting of Cx43 from young and old myocardium
using phosphoantibodies to these sites showed that both geno-
type and age altered phosphorylation on Cx43 by ERK. Using
phospho-specific antibodies to the known ERK sites pSer-262
and pSer-279/282, we found that Cx43%%! mice had increased
phosphorylation on these sites (Fig. 2, A and C). Ser-262 phos-
phorylation was increased almost 2.5-fold in both young and
old animals (0.80 % 0.16 versus 2.16 = 0.22, p = 0.002 for young
and 0.65 * 0.12 versus 2.07 = 0.10, p < 0.0001 for old), with an
even more dramatic increase in phosphorylation on Ser-279/
282 driven by genotype (1.13 * 0.77 versus 7.23 = 0.72, p =
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Figure 3. Phosphorylation of ERK is elevated in cells expressing Cx43
mutants, likely through a mechanism involving direct interaction. A,
immunoblots showing levels of vinculin, ERK, pERK and Cx43 in cell lysates
from MDCK cells stably expressing Cx43 mutants where Ser-325, Ser-328,
Ser-330, or all three (CKT) were converted to alanine. Quantification of phos-
pho-ERK/total ERK levels are shown in the graph. B, immunoblot showing
result of a GST pulldown assay where cell lysates were incubated with either
GST alone or GST fusion proteins containing GST-CT or a deletion mutant
where amino acids 320-340 were deleted (CTA330). The GST blot shows sig-
nal using a mouse anti-GST antibody, whereas the ERK blot shows signal from
arabbit anti-ERK antibody that was pulled down from the cell lysate. C,immu-
noprecipitation (/P) was performed on lysates from cells expressing either WT
or S330A mutant Cx43 using a rabbit anti-Cx43 antibody (RbAb) or a mouse
anti-Cx43 antibody (Cx43IF1). Immunoblots (/B) show levels of Cx43 or ERK
that were immunoprecipitated. 36- and 64-kDa molecular mass markers are
indicated. **, p < 0.01.

0.0006 for young animals and 4.47 * 3.52 versus 16.64 = 3.16,
p = 0.0004 for old animals) (Fig. 2, A and C). Thus, by eliminat-
ing phosphorylation of Cx43 by CK1, we increased phosphory-
lation by ERK on sites 50 residues upstream, showing that these
events are co-regulated in some manner.

Cx43 phosphorylation status affects ERK activation

Given that Ser-262 and Ser-279/282 are ERK substrates, we
also examined the expression and activation of ERK in these
animals and saw a dramatic decrease in ERK phosphorylation
(pERK) with age in WT animals (1.01 £ 0.19 versus 0.45 * 0.16
in young versus old, p = 0.0007), whereas old Cx43“*" animals
maintained higher levels of ERK phosphorylation with age
(1.15 = 0.31 versus 0.83 £ 0.22 in young versus old, not signif-
icantly different) (Fig. 2, B and C). To further examine this
interaction, we utilized Cx43-deficient Madin-Darby canine
kidney (MDCK) cells stably expressing either WT or mutant
Cx43 with all CK1 sites mutated to alanine (i.e. CK1) or each
site mutated separately (§325A, S328A, and S330A) and were
able to recapitulate the effect on ERK activation (Fig. 34). CK1
mutant— expressing cells showed 60% higher levels (p = 0.009)
of ERK phosphorylation compared with WT Cx43— expressing
cells (Fig. 3A). Furthermore, we were able to isolate this effect to
residue Ser-330. We found that cells expressing the single
S330A mutation showed a significant 42% * 12% increase in

SASBMB



phosphorylated ERK compared with WT cells (p = 0.005),
whereas mutations at Ser-325 or Ser-328 appeared to have little
effect on ERK activation. We hypothesized that this may be due
to direct binding of ERK to Cx43 in a manner dependent on
dephosphorylated Ser-330. To determine whether the region
around the CK1 sites could directly impact ERK binding to
Cx43, we performed experiments utilizing a GST-Cx43CT
fusion protein where residues 320 —340 were deleted (CTA330)
and examined its ability to bind to and pull down ERK from a
cell lysate. We found that the GST-CTA330 construct could
pull down less than a quarter of the amount of ERK compared
with GST-CT, a construct containing the full C terminus of
Cx43 (22.8% = 5.6%, p = 0.0001) (Fig. 3B). We also found that
we could much more efficiently co-immunoprecipitate ERK
from cells expressing the S330A mutant compared with WT
cells using two different Cx43 antibodies (Cx43IF1 generated in
mouse and RbAb generated in rabbit) (Fig. 3C). These data
argue that CK1 phosphorylation events play a negative role in
regulating the ERK:Cx43 interaction, consistent with its role in
gap junction assembly and stability. Furthermore, in combina-
tion with the results in tissue, we show that the phosphorylation
status of Cx43 could regulate whole cellular ERK phosphoryla-
tion and activation in vivo.

Cx43 phosphorylation status affects Akt substrate specificity
in myocardium and cells

ERK and Akt have been shown to be critical kinases involved
in cardiomyocyte responses to IRI, acting through a pathway
referred to as the RISK pathway (19). Thus, we also examined
Akt expression and phosphorylation in the mouse myocardium
and cells but saw no consistent effect because of genotype or age
(data not shown). However, when we probed immunoblots
using an antibody that recognizes phospho-Akt substrates
(PAS antibody, Cell Signaling Technology, catalog no. 9614;
binds to peptides corresponding to Akt substrate motifs), we
found that there was a dominant substrate in the 50- to 60-kDa
range that was highly phosphorylated in both myocardium and
cell lines (Fig. 4; note that other clear bands were present near
the dye front and at ~40, 70, and 110 kDa). Similar to what we
saw for phospho-ERK, we found diminished phosphorylation
on this 50- to 60-kDa protein in old WT animals compared with
young WT animals (0.83 = 0.24 versus 1.70 = 0.62 a.u.,, p =
0.04) but saw that old Cx43“¥! animals maintained levels of
PAS signal similar to young animals (Fig. 44, 1.32 = 0.28 a.u.;
p = 0.04, comparing old WT and old Cx43<*! mice). Similarly,
when we examined cells expressing Cx43 with single or all three
CK1 sites mutated to alanine, we found that CK1 and S330A
also had elevated levels of PAS (WT versus CK1, 5.16X * 1.35,
p =0.002, WT versus S330A,5.71X = 0.91, p = 0.009) (Fig. 4B).
These data indicate that altering the phosphorylation of Cx43
led to changes in signaling through ERK and Akt; we hypothe-
size that these changes may contribute to the cardioprotection
observed in the old Cx43“*! animals.

Cx43 interacts with and alters the expression of the Akt
substrate NDRG1

Knowing the approximate molecular weight of our Cx43 reg-
ulated PAS substrate, we examined the literature and Cell Sig-
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Figure 4. Cx43 mutants show elevated levels of a 50- to 60-kDa Akt sub-
strate in tissue and in cells. A, immunoblots of lysates from mouse hearts,
showing levels of vinculin (Vinc) and signal from an antibody that recognizes
proteins phosphorylated by Akt (PAS). Y, young; O, old. B, quantification of
PAS levels normalized to vinculin. C,immunoblots showing levels of PAS and
vinculinin cell lysates from MDCK cells stably expressing Cx43 mutants where
Ser-325, Ser-328, Ser-330, or all three (CK7) have been converted to alanine.
Note that the blot was first probed for PAS and then reprobed for vinculin. D,
quantification of PAS levels normalized to vinculin. *, p < 0.05; **, p < 0.01;
**% p < 0.001.

naling Technology PhosphoSite Plus to try to identify the pro-
tein recognized by the PAS antibody. We tried several potential
candidates (e.g. GSK3p), but NDRG1 was our best match, as it
was of the correct molecular size and has been shown to alter its
migration on SDS-PAGE with changes in phosphorylation,
similar to the banding pattern we saw with the PAS antibody
(Fig. 4C). NDRGL has been shown to be increased and promote
cell survival in response to hypoxia, which is functionally con-
sistent with our findings (32, 33). Based on our PAS data, we
anticipated a change in phosphorylation in response to the
expression of Cx43 mutants, but instead we found that total
NDRGT1 protein levels closely mimicked our results with the
PAS antibody (Fig. 54). In these experiments, we included a
phosphomimetic Cx43 mutant where Ser-325, Ser-328, and
Ser-330 were converted to glutamic acid (CK1-E). As with the
PAS antibody, we found that both CK1-A- and S330A mutant—
expressing cell lines had elevated NDRG1 levels compared with
the WT (WT: 1.05 = 0.14; CK1-A: 2.28 = 0.52, p = 0.0005;
S330A:3.92 = 0.79 a.u, p < 0.0001), whereas CK1-E cell lines
responded in the opposite direction, showing both diminished
NDRG1 expression (CK1-E: 0.75 = 0.14, p = 0.04) and
decreased PAS signal (WT: 0.99 * 0.19; CK1-E: 0.45 = 0.08,
p = 0.0002).

To determine whether NDRGI1 and Cx43 interact with each
other, we performed co-immunoprecipitations using the
NDRG1 antibody from cells expressing either WT Cx43 or

J. Biol. Chem. (2019) 294(31) 11762-11771 11765
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Figure 5. Cx43 mutants alter the stability and phosphorylation of
NDRG1. A, immunoblots show levels of PAS and corresponding NDRG1 sig-
nal from cells expressing WT Cx43 or mutants with Ser-325/328/330 or Ser-
330 alone (S330A) converted to alanine to eliminate phosphorylation (CK7-A)
or glutamic acid to mimic phosphorylation (CK1-E). Vinc, vinculin. B, quantifi-
cation of PAS and NDRG1 signal normalized to vinculin and PAS normalized to
NDRGT1. C, co-immunoprecipitations (IP) were performed on lysates from cells
expressing either WT or CK1 mutant Cx43 using a mouse anti-NDRG1 anti-
body (NDRGT, first and second lanes). An anti-mouse IgG antibody was used
for CK1 lysates only as a negative control (IgG, third lane). The fourth lane is
blank, and the fifth lane shows the CK1 lysate used in immunoprecipitation.
The immunoblot was sequentially probed with Alexa Fluor 680 anti-mouse
secondary antibody to identify signal due to the immunoprecipitating anti-
bodies (IgG in red, bands noted with an asterisk) and then anti-PAS antibody
and Alexa Fluor 790 anti-rabbit secondary antibody (PAS in green). Next the
blots were probed with rabbit anti-Cx43 and Alexa Fluor 790 anti-rabbit sec-
ondary antibody (Cx43) and mouse anti-NDRG1 and Alexa Fluor 680 anti-
mouse secondary antibody (NDRGT). *, p < 0.05; **, p < 0.01; ***, p < 0.001.

CK1-A. Fig. 5C shows an example of a single immunoblot
probed with three different antibodies; the top left panel was
probed with the PAS antibody (made in rabbit), and the first
and second lanes show that the NDRG1 antibody immunopre-
cipitated more PAS from CK1-A lysates than from WT lysates.
Mouse IgG control antibody immunoprecipitation (Fig. 5C,
third lane) showed no bands, whereas the fifth lane shows the
PAS signal from the CK1-A lysate alone (the fourth lane is
empty). Subsequent probing of the blot with a Cx43 antibody
(Fig. 5C, bottom left panel) shows that the NDRG1 antibody
also co-precipitated Cx43. Fig. 5C, top right panel, shows the
signal (marked with an asterisk) from the immunoprecipitating
antibody recognized by the mouse secondary antibody. Fig. 5C,
bottom right panel, shows that more NDRG1 was immunopre-
cipitated from the CK1-A lysate. Taken together, it appears that
a direct interaction between Cx43 and NDRG1 can somehow
stabilize NDRG1 protein levels.
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Figure6.Cx43interactionwithNDRG1regulatesthestability of Akt-phos-
phorylated NDRG1. A-C, immunoblots showing changes in PAS (A), NDRG1
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itor MK2206 (MK) and the proteasome inhibitor MG132 (MG). CON, control. D,
quantification of PAS levels relative to vinculin. *, p < 0.05; **, p < 0.01; **¥,
p < 0.001.

Like Cx43, NDRGI1 migrates as multiple isoforms via SDS-
PAGE, in part because of differences in phosphorylation (34,
35). Although all NDRGL isoforms are increased or decreased
in the Cx43 mutants, the effects are most evident on the high-
migrating isoform that is strongly recognized by the PAS anti-
body (Fig. 6, A and B). We have shown previously that Cx43
phosphorylation and localization can be stabilized via protea-
some inhibition, as seen in Fig. 6C, where MG132 leads to an
increase in the slow-migrating phospho-isoform in WT cells.
This effect is not due to direct inhibition of Cx43 degradation
but, rather, is a result of Akt stabilization and subsequent Cx43
phosphorylation (17). To determine whether Akt may play a
role in stabilizing NDRG1, we treated cells with the proteasome
inhibitor MG132 and the Akt inhibitor MK2206. Indeed, we
found that in WT cells, the PAS/NDRG1 signal nearly doubled
after 2 h of MG132 treatment (0.93 = 0.11 versus 1.81 *
0.39 a.u, p = 0.012), whereas Akt inhibition dramatically
diminished the signal (down to 0.16 = 0.05 a.u., p < 0.0001, at
2 h but apparent as early as 30 min after treatment). Although
we saw a similar shift in migratory isoforms, the effect was less
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dramatic in CKI1-A cell lysates, with a 55% increase with
MG132 (control: 1.25 = 0.39 versus 1.94 = 0.9 a.u.) and just less
than a 50% decrease with MK2206 (0.68 * 0.40 a.u.), neither of
which reached significance. We hypothesize that this is due to
the enhanced interaction with the CK1-A mutant leading to
increased interaction with Akt and/or protecting it from pro-
teasomal degradation. CK1-E cells also responded to the drugs,
with proteasome inhibition increasing PAS/NDRG1 levels to
WT control levels (0.93 * 0.34 a.u.), whereas the already low
levels were essentially abolished with Akt inhibition (down to
0.08 £ 0.02, p = 0.0007). Similar to what we saw with Cx43, in
contrast to phosphorylation levels, total NDRG1 levels were not
dramatically affected by these drug treatments. This may be due
to increased stabilization of Akt in response to MG132 (17).

Previous reports of NDRG1 regulation have focused on phos-
phorylation by GSK3 and (serum- and glucocorticoid-stimu-
lated kinase) SGK; our data indicate that Akt phosphorylation
of NDRG1 occurs in cells and is regulated via interaction with
Cx43. We hypothesize that this may be a novel signaling node
regulated by gap junctions and are continuing these studies to
elucidate all components of this pathway and the functional
consequences of these interactions.

Discussion

Gap junctions play a role in cell survival and are involved in
cellular responses to injury, including response of the myocar-
dium to IRI. Although intercellular communication certainly
plays a role in these effects, Cx43 also interacts with a variety of
kinases that are important in cell survival and signaling, includ-
ing ERK and Akt. Rather than just being a downstream effector
of these pathways, the data presented here show that Cx43,
specifically Cx43 phosphorylation, can play a role in regulating
these pathways. We have shown that, in cardiac tissue, muta-
tion of the CK1 phosphorylation sites reduced Cx43 expression
by over 50% and increased Cx43 phosphorylation on Ser-279/
282 and Ser-262, sites phosphorylated by ERK, regardless of
age. In young mice, hearts were resistant to damage via IRI and
expressed high levels of phospho-ERK. Aged WT mouse hearts
exhibited much higher levels of myocardial damage in conjunc-
tion with a more than 50% decrease in phospho-ERK. Old CK1
mice, however, were similar to young animals both in terms of
reduced tissue damage and ability to preserve phospho-ERK.
Using the PAS antibody, we found that old CK1 animals also
maintained high levels of a 50- to 60-kDa protein phosphor-
ylated by Akt. These effects were recapitulated in cell lines
where we observed that ERK could interact directly with
Cx43inamanner dependent on Ser-330 being nonphosphor-
ylated. Further, we identified the Akt substrate to be a novel
Cx43-interacting protein, NDRG1, whose stability and phos-
phorylation by Akt was dramatically affected by Cx43 phos-
phorylation; elimination of CK1 sites led to more than dou-
ble the expression level and Akt phosphorylation of NDRG1,
whereas a phosphomimetic diminished expression. Co-im-
munoprecipitation showed that NDRG1 preferentially inter-
acts with nonphosphorylated Cx43, arguing that this inter-
action could protect NDRG1 from degradation.

To put these results in context, our laboratory and others
have shown that acute coordination of these kinases affects gap
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junction stability and degradation, but here we show that the
converse is also true; Cx43 interactions with kinases can affect
their ability to signal. Specifically, we found that mutation of the
CK1 phosphorylation sites led to ERK activation and increased
Cx43 phosphorylation on Ser-279/282 and Ser-262. Phos-
phorylation on these sites is typically associated with gap junc-
tion degradation, although Cx43“*! hearts clearly maintain a
reduced level of gap junctions at the intercalated disc. Previous
studies have shown that Cx43“*! mice are prone to induced
cardiac arrhythmia (27). Because phosphorylation on Ser-279/
282 regulates channel gating, our finding of these additional
changes in Cx43 phosphorylation indicates that they cooperate
with the CK1 mutation to contribute to the arrhythmia pheno-
type. Phosphorylation on Ser-262 in cardiomyocytes, however,
has been shown to correlate with protection from IRI, particu-
larly in response to fibroblast growth factor (24). However, ERK
activation correlates better with IRI protection than phosphor-
ylation on Cx43 at Ser-262 and Ser-279/282, both of which were
generally higher in CK1 mice regardless of age. Obviously, the
aging process is complex, with many factors affected, including
altered growth signaling, mitochondrial dysfunction, matrix
remodeling, impaired calcium homeostasis, and other pro-
cesses (36), so making a firm conclusion about their relative
importance for IRI protection is not yet possible. For example,
coordinated signaling through ERK and Akt has been shown to
provide protection from IRI, referred to as the RISK pathway
(19). Indeed, our results show that ERK phosphorylation itselfis
elevated in IRI-resistant Cx43*! animals. Protection was only
apparent in old animals, where IRI induced more extensive
injury compared with young animals. This was, at least in part,
likely due to the fact that young animals have high levels of
pERK that, in our studies and another (37), dropped dramati-
cally with age. However, the Cx43“*! mutant mostly preserved
pERK levels with age. The mechanism behind this appears to
involve a direct interaction between ERK and Cx43 in a manner
dependent on residues 320-340 (Fig. 3B) and a strong prefer-
ence for Cx43 when it is not phosphorylated specifically on
Ser-330 (Fig. 3C). Interestingly, it was recently reported that
Cx43 expression in osteoblasts could alter ERK activity (38); in
this case, Cx43 knockdown diminished ERK phosphorylation,
whereas overexpression increased ERK phosphorylation. This
is certainly distinct from our data, as we saw an ERK effect in
animals expressing the lowest total levels of Cx43 (old Cx43<**
mice, Fig. 2). We propose that it is not expression but the phos-
phorylation status of Cx43 that can promote or deter ERK bind-
ing, thus altering its ability to interact with other regulators,
such as phosphatases.

We have shown previously that Akt can promote gap junc-
tion stability and directly phosphorylate Cx43 (17). However,
somewhat counterintuitively, this interaction often precedes
phosphorylation on Cx43 by ERK and gap junction turnover.
This process of regulated turnover appears to be highly coordi-
nated, as at least three phosphorylation events occur sequen-
tially over about 30 min (18, 39). Similar coordination appears
to be necessary for ERK and Akt to provide protection from IR,
where promotion or inhibition of cell damage is linked to both
the amplitude and duration of ERK and Akt signaling (40). We
examined Akt expression and phosphorylation in WT and
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Cx43“%! hearts but saw no change in regards to genotype or
age (data not shown); however, when we utilized a phospho-
epitope antibody that recognized phospho-Akt substrates, we
discovered that there was a dominant phosphoprotein that
appeared to be co-regulated with ERK. Thus, old Cx43“**animals
appeared to show some level of coordination between ERK
activity and Akt substrate specificity, consistent with activation
of the RISK pathway (40). As discussed above, Ser-262 phos-
phorylation, likely by ERK1/2, has been shown to promote car-
diomyocyte survival, and we have shown previously that Akt
phosphorylation of Cx43 occurs in response to ischemia in
mouse myocardium. PKCe has also been shown to promote cell
survival during IRI in a manner dependent on Cx43 (20, 23, 41).
Thus, Cx43 resides at an intersection between these car-
diomyocyte survival modulation pathways, leading to both
changes in gap junction communication and, as we show here,
changes in the signaling pathways themselves.

The novel Cx43-interacting protein we found here, NDRG1,
may provide a link to cell survival during hypoxia. NDRG1 has
primarily been studied in the context of tumorigenesis, where it
appears to be a metastasis suppressor. NDRGL1 is regulated by
HIF-1a, which is itself regulated by Akt, and is often associated
with protection of cells from hypoxic injury (42—44). Like Cx4:3,
NDRGI interacts with a variety of signaling pathways that reg-
ulate cell stasis and survival (45, 46) and migration (44, 47). For
example, NDRG1 has been reported to inhibit NF-«B signaling
(48), leading to downstream effects on epithelial mesenchymal
transition (49, 50) and angiogenesis (48). It has been shown to
affect MAPK signaling through regulation of EGF receptor
expression and internalization (34, 51) and to stabilize adherens
junctions through regulation of E-cadherin (34, 52) and -
catenin (50, 53) localization and degradation. The role of phos-
phorylation in regulating NDRG1 is not yet clear, although it is
known to be phosphorylated by SGK, followed by GSK (54). In
one study, phosphorylation on NDRG1 by SGK1 was essential
for it to inhibit the NF-kB pathway (55). Phosphorylation of
NDRG1 by Akt has not been well studied, but given that Akt
and GSK can behave antagonistically (phosphorylation of GSK
by Akt is inhibitory (56)), we hypothesize that the ability of
Cx43 to specifically modulate Akt phosphorylation on NDRG1
could have important regulatory consequences.

We discovered that, in MDCK cells, CK1 phosphorylation on
Cx43 altered both NDRG1 expression and phosphorylation,
where elimination of CK1 phosphorylation led to high levels of
NDRG], and, conversely, a Cx43 phosphomimetic displayed
reduced NDRG1 levels. Under normal circumstances, essen-
tially all Cx43 at the intercalated disc in the myocardium would
be phosphorylated by CK1; however, ischemia leads to loss of
CK1 phosphorylation (13), which could then allow accumula-
tion of NDRG1. Because old Cx43“*' animals maintained
higher levels of basal PAS signal compared with the WT, they
may be predisposed to protection via NDRG1. Although the
Cx43-mediated effects on NDRG1 are clear in cells, we tried
three different NDRGL1 antibodies on heart tissue that gave lit-
tle to no signal via immunoblot, possibly for technical reasons.
However, an antibody to NDRG1 phosphorylated on Thr-346
did show similar reactivity levels to PAS on heart tissue (Fig.
S1). One possibility is that in the heart, we might actually be
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seeing the closely related family member NDRG2, which shares
homologous phosphorylation sites and is more prevalent in
heart tissue (54). In cells, we could detect a direct interaction
between NDRG1 and Cx43 that was most prevalent when the
CK1 sites were not phosphorylated. We propose that this inter-
action leads to stabilization of the NDRG1 protein, thus the
change in protein levels in the CK1 mutants. We hypothesize
that interaction with Akt is also involved, as inhibition of pro-
teasomal degradation led to increased NDRG1 phosphoryla-
tion via Akt, whereas Akt inhibition diminished this signal, sim-
ilar to what we see for Cx43 (17).

In this study, we focused on shorter time points (=<2 h) to
understand the more acute interactions that might be occur-
ring, in part because of the known short half-life of Cx43 (~2h).
Typically, any individual Cx43 molecule remains unphosphor-
ylated on CK1 sites only until it reaches the gap junction. This
would argue that, under homeostatic conditions, interaction
between NDRG1 and Cx43 is relatively short-lived; however, in
the CK1-A mutants, the effects of Akt and proteasome inhibi-
tion were minimal (Fig. 6; changes in PAS signal did not show
significant differences), arguing that the interaction with Cx43
stabilized the Akt phosphoform and isolated it from the effects
of these drugs. Thus, it appears that Cx43 could be involved in
dynamic regulation of NDRG1 and Akt interaction, particularly
under conditions such as hypoxia, where Cx43 phosphorylation
is spatiotemporally regulated (12).

Although there is a wealth of data showing that Cx43 and gap
junctions can alter cell behavior, the mechanistic underpin-
nings of these effects remain obscure. Many studies, especially
our own, have focused on how signaling affects gap junctions; in
these studies we also found the converse to be true, gap junc-
tions act as a signaling scaffold that can promote or inhibit
kinase activity and potentially signal cross-talk. Further eluci-
dation of the functional and mechanistic consequences of these
processes will yield new insights into how Cx43 exerts effects
on cell behaviors such as survival.

Experimental procedures
Reagents and antibodies

All general chemicals, unless otherwise noted, were pur-
chased from Thermo Fisher Scientific. Mouse monoclonal anti-
bodies to total Cx43 (Cx43NT1) and to the C-terminal region of
Cx43 (Cx43CT1) and anti-GST were developed by the Fred
Hutchinson Cancer Research Center Hybridoma Development
Facility (Seattle, WA). The Cx43 phospho-specific rabbit anti-
bodies p325/328/330, p279/282, and pS373 were created as
described previously (13, 17, 57). The Cx43 phospho-specific
antibody to pSer-262 was purchased from Santa Cruz Biotech-
nology. Mouse anti-vinculin and rabbit anti-Cx43 were from
Millipore Sigma and made in-house (RbAb). Mouse anti-
NDRG1 was purchased from Abcam. Mouse anti-p42/44 ERK,
rabbit antibodies to phospho-p42/44ERK, PAS, and NDRG1
phospho-specific antibody to Thr-346 were from Cell Signaling
Technology.

Mouse strains and tissue processing

All mouse studies were conducted with Institutional Animal
Care and Use Committee approval (Fred Hutchinson Cancer
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Research Center). Cx43“! mutant mice were generated as
described previously (26) and inbred into a C57Bl6/6] strain
background. Young animals were between 2—6 months old,
and old animals were 18 —24 months old. For IRI studies, ani-
mals were euthanized with isoflurane followed by cervical dis-
location and rapid excision of the heart. Tissue was either flash-
frozen for immunoblotting and quantitative PCR or fixed in
10% normal buffered formalin and embedded in paraffin for
analysis as described previously (58).

Quantitative PCR

Total RNA from three hearts of each age and genotype RNA
were isolated using Qiagen RNeasy® Mini Kit (Qiagen) and
quantified using the RiboGreen® RNA Quantitation Kit
(Thermo Fisher Scientific). cDNA was synthesized from total
RNA using the High Capacity cDNA Reverse Transcription Kit
(Applied Biosystems). Quantitative PCR was performed on an
Mx3005P® Multiplex QPCR System (Stratagene) with samples
loaded in triplicate using ~80 ng of cDNA. Quantitative PCR
was run in a 10-ul reaction using SYBR® Green PCR Master
Mix (Applied Biosystems) (5 ul of 2X Master Mix, 400 nm each
primer) with PCR cycling conditions of 95 °C for 10 min and 40
cycles of 95 °C for 15 s and 60 °C for 1 min. After each assay, a
dissociation curve was run to confirm the specificity of all PCR
amplicons. Cx43 primers (59; forward, 5'-TCCAAGGAGTT-
CCACCACTT-3’; reverse, 3'-TGGAGTAGGCTTGGACC-
TTG-5") were from Integrated DNA Technologies. Pooled
c¢DNA was used for a standard curve as 1:2 serial dilutions.
Resulting Ct (cycle threshold) values were converted to nano-
grams, normalized to total RNA, and expressed as the average
of triplicate samples * 1 S.D.

Plasmids, cell culture, and recombinant protein

MDCK II cells (ATCC) that were screened for lack of Cx43
expression (60) were cultured in DME medium (Mediatech)
supplemented with 10% FBS and antibiotics in a humidified 5%
CO, environment. WT and mutant Cx43 were cloned into the
pIREShygro vector (Clontech) as described previously (61) and
transfected into MDCK cells via Nucleofector (Amaxa). At least
two stable clones for each construct were analyzed. GST fusion
constructs containing GST alone, the C terminus of WT Cx43
(GST-CT), or a deletion mutant lacking residues 320-340
(A330) were used to express and isolate recombinant protein
from Escherichia coli for GST pulldown assays as described
previously (62).

Immunoblotting and immunoprecipitation

Flash-frozen hearts were homogenized in Laemmli sample
buffer containing 1 X Complete protease inhibitor mixture, 1X
phosphatase inhibitor mixture, and 2 mm PMSF (all from Mil-
lipore Sigma) using a glass pestle tissue grinder. Cell lysates
were directly lysed in Laemmli sample buffer containing the
same inhibitors. After sonication, samples were separated by
SDS-PAGE, blotted to nitrocellulose, checked for load with
Ponceau S, blocked in milk, and probed with antibodies as
noted. Antibodies were detected with appropriate secondary
antibodies conjugated to Alexa Fluor 680 or Alexa Fluor 790
(Thermo Fisher Scientific) and directly quantified using the Li-
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Cor Biosciences Odyssey IR imaging system and associated
software. Normalized densitometry values were calculated as a
ratio using either vinculin as a loading control or comparing
phospho-specific antibody signals to corresponding total pro-
tein levels. Vinculin was chosen as a loading control because it
showed high correspondence with Ponceau S staining in heart
tissue (data not shown). At least six hearts for each age and
genotype were included in these analyses, and p values were
determined by two-sided Student’s ¢ tests.

Langendorff-perfused mouse heart and ischemia reperfusion
injury

Perfusion of mouse hearts was performed as described pre-
viously (63). Briefly, animals were injected with 200 units/kg
heparin, followed by injection with Avertin (0.83 mg/g body
weight) and cervical dislocation. Hearts were rapidly excised,
and the aortae were cannulated with a 20-gauge cannula.
Hearts were perfused in the Langendorff system (ADInstru-
ments) at constant pressure (80 * 3 mm Hg) with Krebs-
Henseleit solution (0.5 mm EDTA, 5.3 mm KCI, 1.2 mm MgSO,,
118 mm NaCl, 25 mm NaHCO;, 2 mm CaCl,, 10 mMm glucose,
and 0.5 mMm pyruvate bubbled with 5% CO,/95% O,). After a
30-min stabilization period, hearts were subjected to 30 min of
no-flow normothermic global ischemia, followed by 2 h of rep-
erfusion. For vital staining, hearts were immediately removed
from the Langendorff apparatus, weighed, and frozen at
—20 °C. The frozen heart was then cut using a heart slicer (Zivic
Instruments, Pittsburgh, PA) into seven or eight transverse
slices of ~0.8-mm thickness and stained by incubation in 10%
TTC for 20 min at 37 °C. The TTC solution was then replaced
with 10% formaldehyde-PBS solution for fixation. The
infarcted tissue remained discolored (pale), whereas normal tis-
sue was stained red. The infarct area was traced, and the total
area was calculated using Image] software (64). Infarct size was
expressed as a percentage of total ventricular area.

Data analysis

Data are represented as mean *= S.E. from at least three
independent experiments. Statistical analyses were performed
using ¢ tests as indicated.
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